Microstructural examination and microhardness test were carried out for unalloyed vanadium, V-5Ti, V-4Cr-4Ti alloys irradiated with 4 MeV Cu ions at temperatures from 200 to 600 C. In order to investigate the impurity effect, high purification technique was used. Impurity effects can be seen in the nucleation and growth processes of voids in unalloyed vanadium and those of Ti(OCN) precipitates in V-5Ti. The changes in microstructure due to interstitial impurity could not be seen in V-4Cr-4Ti after the irrodiations below 300 C. The effect of impurity for irradiation hardening in ion-irradiated V-4Cr-4Ti alloys could be seen at 400 C, but it could not be seen at 200 and 300 C. On the other hand, dislocation channels were observed at 200 and 300 C, and the total length of dislocation channels became larger as the impurity level increased. It can be considered that there was practically no correlation between irradiation hardening and total length of dislocation channels due to impurity effects.
Introduction
The V-4Cr-4Ti alloy has been identified as a candidate material for the first wall and blanket structure of fusion reactors. 1) Irradiation studies at temperatures of 420-600 C have reported good resistance of this alloy to void swelling and embrittlement. However, some studies have reported that significant neutron irradiation hardening and embrittlement occurred in V-4Cr-4Ti irradiated at temperatures 100-400 C below a few displacements per atom (dpa). [2] [3] [4] The radiation-induced loss of ductility and radiation-induced embrittlement at <400 C may be attributed to high densities of fine defect clusters and fine precipitates containing C, O and N. 5, 6) The interstitial impurities in vanadium alloys are believed to be related with the defect cluster formation processes as a nucleation site that causes large irradiation hardening. The reduction of the impurities is expected to improve the radiation resistance of the alloys at low temperatures and also reduce the radiation-induced activation drastically. 7, 8) The objective of this work is to make clear the impurity effects on microstructural evolution and mechanical properties of ion-irradiated V-Ti and V-Cr-Ti alloys to understand the radiation hardening mechanism as well as the precipitation process of Ti(OCN) under irradiation.
Experimental Procedure
The materials used in this study were unalloyed V, V-5Ti and NIFS-Heat1 and NIHS-Heat2, highly-purified V-4Cr-4Ti alloys. 7, 8) The chemical compositions of interstitial impurities are listed in Table 1 . TEM disk specimens of 3 mm diameter were punched out from alloy sheets and annealed at 1100 C for 2 h in a vacuum of 1 Â 10 À5 Pa. The concentrations of interstitial impurities cannot be controlled at a certain level, but the drastic reduction of interstitial impurities can be done by the Zr-treatment method. In order to reduce the interstitial impurities from vanadium alloys, two different zirconium foil gettering treatments (Zr-treatment) were employed. [9] [10] [11] A sheet of the alloy with a thickness of about 1 mm was sandwiched with a pair of zirconium foils and rolled together in a single pass to form a Zr/V-alloy/Zr clad. The sandwiched specimens between zirconium were annealed at 1100 C for 2 h in a vacuum. The rolling Zr-method was used for vanadium and V-5Ti alloys. Another Zr-treatment was used for NIFSHeat1 alloys and the procedure was described in the previous paper in details. 11) After annealing, the layer of zirconium was removed by chemical polishing. The disks of 3 mm diameter were punched out from the sheet and annealed at 600 C for 1 h in order to remove hydrogen picked up during chemical polishing. 10) By using Zr-treatment, the impurity concentrations in vanadium alloys were reduced drastically as shown in Table 1 . After heat treatment, the disks were cleaned by electro-polishing to remove scale layers.
The ion-beam irradiation experiment was conducted at IMR, Tohoku Univ. The atomic displacement damage was introduced by 4 MeV Cu 3þ ions accelerated with a Tandetron tandem accelerator operating at 1 MV. The irradiation temperature, displacement dose range and displacement rate were 100-400 C, 0.1-1 dpa and 1 Â 10 À4 dpa/s, respectively. 6) Figure 1 shows the TRIM-91 code estimation of damage profile and implanted Cu ion profile in vanadium. The displacement dose and rate were calculated for a range of 600-800 nm from the incident surface with an assumption that the displacement threshold energy is 40 eV. The irradiation was carried out in a vacuum of 1 Â 10 À4 Pa. Some of irradiated NIFS-Heat1 specimens were indentation-tested at a load of 10 gf using micro Vickers hardness testing system after the irradiation. The direction of indentation was in normal to the irradiated surface. The irradiated regions right beneath the indents were sampled to make into a thin film by electro-polishing for TEM examination. The TEM observation was carried out using a JEOL JEM-2010 operating at 200 kV. As well as micro Vickers tests, the nanoindentation tests were carried out on the surface of ionirradiated NIFS-Heat2 alloys at a force range from 1 to 50 mN using an UMIS-2000, instrumented micro-indentation testing system. The shape of the indenter tip was Berkovich type, triangle pyramidal with the semi-apex angle of 68 . Figure 2 shows the micrographs of Cu-irradiated unalloyed vanadium at temperatures of 400 and 600 C with a damage level of 1 dpa. The upper part of figure is for an asreceived unalloyed vanadium and bottom part is of Zr-treated unalloyed vanadium. Void formation as well as dislocation and dislocation loops formation were observed in the irradiated specimens. Figure 3 shows the density and mean size of voids in vanadium irradiated at 400 and 600 C. With increasing the ion dose from 0.01 to 0.1 dpa, the dislocation and dislocation loop density increased at 400 C. From 0.1 to 1 dpa, the increase in the dislocation and dislocation loop density was saturated, as well as the void density.
Results

TEM observation of unalloyed V and V-5Ti
6) The density and mean size of voids in the as-received vanadium was higher and smaller than the Zr-treated specimen. Especially the mean size of voids in the as-received unalloyed vanadium irradiated at 600 C with 1 dpa was three times larger than the Zr-treated specimen irradiated at a same irradiation condition.
In an unirradiated V-Ti alloy, titanium oxide precipitation 
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As -received Zr -treated occurred only above 700 C in a vacuum. 12) However, the precipitation of titanium oxide occurred at around 500 C within 0.1 dpa of damage levels under ion irradiation. From the viewpoint of radiation-induced precipitation, the irradiation experiments were performed for V-5Ti below 400 C. Figure 4 shows the microstructures of Cu-irradiated V-5Ti specimens at 400 C with a damage level of 1 dpa. The upper parts were bright field images and the bottom parts were dark field images taken from a diffraction spot of precipitates. The as-received V-5Ti specimen shows the dislocation loops, and the tiny precipitates that were distinguishable from dislocation structures. On the other hand, the Zr-treated V-5Ti specimen shows only dislocation loops in the matrix. The density and mean size of dislocation loops between asreceived and Zr-treated V-5Ti alloys were not so much different.
3.2 TEM observation of highly-purified V-4Cr-4Ti alloys The drastic reduction of interstitial impurities was detected in a NIFS-Heat1 alloy with the Zr-treated method. This effect can be seen in the microstructure of the specimen. Figure 5 shows the microstructure on grain boundary between an asreceived and a Zr-treated NIFS-Heat1 alloy. The titanium enriched precipitates and titanium oxide precipitates are usually seen in matrix and on the grain boundary in V-4Cr-4Ti alloys such as VM9401 alloys 13) and #832665 US-heat alloys. 14) But no such precipitation was observed in NIFSHeat1 alloys with the Zr-treated method. Hence, it is emphasized that the Zr-treated method has a strong effect for scavenging the interstitial impurity in vanadium alloys.
Figgure 6 shows the TEM micrographs of Cu-irradiated NIFS-Heat1 alloys to 1 dpa of damage level. The irradiation temperatures were 200, 300 and 400 C. No void and precipitate but dislocation loops were observed in all the specimens. Figure 7 shows the density of dislocation loops counted for As -received Zr -treated DF image
BF image
Fig. 4 TEM micrographs of V-5Ti alloys irradiated with 4 MeV Cu to a damage level of 1 dpa at 400 C. Left side shows the as received V-5Ti alloy and right side shows the Zr-treated highly purified V-5Ti alloy. The upper images were bright field images and two bottom images were dark field images obtained with the spots reflecting TiO precipitates (NaCl structure type).
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increased with increasing the irradiation temperature from 300 to 400 C. At 200 and 300 C, no difference of the density and the mean size of dislocation loops can be seen between as-received and Zr-treated specimens. It appears that the density of loops in Zr-treated specimens may be lower than that in as-received ones at 400 C. Hence, it indicated that the interstitial impurities do not apparently influence the nucleation and growth process of dislocation loops during ion irradiation below 400 C.
As -received Zr -treated 
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TEM observation in indent region of ion-irradiated V-4Cr-4Ti
In order to investigate the impurity effect on the deformation structure of irradiated NIFS-Heat1 alloys, the Vickers hardness indentation tests were performed on the surface of Cu-irradiated specimens both as received and Zr-treated ones. After indentation, TEM observations were performed from the region around an indentation area. Figure 8 shows the low magnification of an indentation area of specimens irradiated at 300 C with a damage level of 1 dpa. Dislocation channels can be seen around the corner of square hole that corresponds to the tip shape of Vickers hardness indenter. The structural analysis of dislocation channels was demonstrated by diffraction pattern techniques and trace analysis. The trace direction of dislocation channel is h110i and the plane that the channels lie on is almost perpendicular to the foil normal in this case, that means {110} of channel plane. There are other channels that lie on other planes, {112} in this figure. The configuration of dislocation channels is good agreement with the previous data in V-4Cr-4Ti. 15, 16) The structure inside the dislocation channels was not the type of twin structure and it was rotated about 10 from the matrix. There was no dislocation cell structure on the interface between dislocation channel and matrix. Figure 9 shows the micrographs of dislocation channel formation in both asreceived and Zr-treated NIFS-Heat1 specimens irradiated and indented. The dislocation channeling was only observed in the specimens irradiated at 200 C and 300 C. No channels were seen in both type of specimens irradiated at 400 C. The size and density of defect clusters in the matrix were same as those for undeformed specimens. The width of dislocation channels was not measured for whole of specimens because of the restriction of tilting the specimens inside TEM. However, the length and number of dislocation channels were obtained. Most of specimens were indented in a grain and no information of the interaction between dislocation channels and grain boundary was obtained. A difference between as-received and Zr-treated specimens was seen at the point of the dislocation channel numbers. Figure 10 shows the total length of dislocation channels of as-received and Zr-treated specimens as a function of irradiation temperature. The as-received specimen shows larger total length of dislocation channels than the Zr-treated specimen. The interval of dislocation channels in as-received specimens is narrower than that of Zr-treated specimens.
3.4 Impurity effect for ultra-micro hardness of ionirradiated V-4Cr-4Ti alloys In order to investigate an effect of interstitial impurities on the mechanical properties of ion-irradiated NIFS-heat alloys, ultra-micro Vickers hardness tests were performed for both as-received and Zr-treated specimens. Typical curves of the load to displacement versus displacement both irradiated and unirradiated specimens are shown in Fig. 11 . The unirradiated specimen shows good linear relation between L=d and d. For the irradiated specimen, however, the plot does not show linearity but show a sudden drop. The sudden penetration is similar to so called pop-in phenomenon that is connected with a breakthrough of a hard film. Based on the previous study, 6, 17) we can estimate the true hardness of irradiated area below 200 nm depth of the specimens. Figure 12 shows the results of hardness changes for ion-irradiated NIFS-Heat2 alloys. In unirradiated samples, the decrease in the hardness of Zr-treated alloy by the purification can be seen. The difference of hardness change between as-received and Zrtreated ones cannot be seen at 200 C and 300 C irradiation condition. At 400 C irradiation, irradiation hardening in the Zr-treated specimen seems to be lower than as-received specimens. After nano-indentation experiments, TEM observations around nano-indentation were carried out, but no dislocation channels around indentation was observed.
Discussion
From the results of vanadium, the impurity effect on microstructural evolution can be seen in void nucleation in Irradiation temperature, T/°C Density of defect clusters, defects/m -3
As-irradiated Zr-treated Fig. 7 The loop density of ion-irradiated NIFS-Heat1 alloys as a function of irradiation temperature. Damage level corresponds to 1 dpa. Fig. 8 Low magnification image of an indentation area of a NIFS-Heat1 alloy irradiated at 300 C with a damage level of 1 dpa, The indentation test has been done in a grain.
I n d e n t Dislocation Channels
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vanadium under irradiation at 400 C. The nucleation site of di-vacancy clusters might increase as the concentration of interstitial impurity increased. The void growth was enhanced in highly-purified vanadium at 600 C. The reduction of interstitial impurities in the matrix might make the effective migration of vacancies higher and reduce the equivalent vacancy concentration under irradiation. It might suppress the nucleation of di-vacancies due to the reduction of interstitial impurities. 18, 19) Consequently, it is considered that the trapping interstitial impurity at vacancies directly influences the vacancy mobility and the bonding of the vacancy-impurity complexes, and that it leads to control the distribution of void formation on microstructural evolution during irradiation.
An apparent effect of interstitial impurities on microstructural evolution under ion irradiation was observed on the precipitation behavior in V-5Ti irradiated at 400 C. The difference in the precipitation behavior is not caused by ingress of interstitial impurities through oxidation during the irradiation, but by inner oxidation of residual oxygen in the matrix. The oxygen diffusivity is sensitive to the addition of titanium. The diffusivity in V-5Ti alloy is about two orders of magnitude lower than that in vanadium over the temperature range 489-777 K. 20) The oxygen diffusivity in V-5Ti is considered to be not sufficiently large to form oxide precipitates in highly-purified V-5Ti alloys at 400 C. Furthermore, from the previous work about diffusion coefficient of oxygen in V-5Ti, 20) the mean free path of oxygen at 200, 300 and 400 C correspond to 1, 40 and 600 nm, respectively for two hours of irradiation period, suggesting that the oxygen from specimen surface did not reach to the observed area below 400 C in V-5Ti alloy. Hence, the residual impurities in the matrix controls the precipitation behavior in highly-purified V-5Ti alloys at low temperature regimes. This tendency can be also seen in V4Cr-4Ti alloys irradiated at 400 C in the other work. 6, 12) Watanabe has reported that small clusters and I-loops were observed in a NIFS-Heat alloy with 130 ppm oxygen and a V-4Cr-4Ti alloy containing 389-wppm oxygen irradiated with 4 MeV Cu ions at 400 C. It is not clear the nature of the small clusters, but they are expected to be small Ti(O,C,N) precipitates as mentioned in this work. Since the irradiation procedure of Watanabe's work is similar to this work at the points of irradiation conditions such as ion energy, ion flux and irradiation time, the precipitates were formed by residual oxygen in the matrix. However, the microstructural evolution in V-5Ti and V-4Cr-4Ti alloys did not depend on the interstitial impurity concentration below 300 C. It is sug-
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As -received Zr -treated The character of microstructure in the irradiated V-4Cr-4Ti is almost the same as one in the irradiated V-5Ti alloy. The microstructure of V-4Cr-4Ti alloys irradiated below 300 C was not influenced by interstitial impurities as shown in Fig. 6 . The character of defect clusters could not be determined, but they may be dislocation loops. Rice and Zinkle have found out that a high density of small dislocation loops with a=2h110i Burgers vector was formed after 0.5 dpa at temperatures between 110 and 275 C in HFBR reactor.
15)
It is difficult to directly relate the character of dislocation loops in this study to the results of Rice. However, the character of tiny defect clusters formed below 300 C is not considered to be a kind of Ti(O,C,N) precipitate, 1=ah111i glissile loop and defect-impurity complex at least.
There was no significant difference in the microstructure between as-received and Zr-treated NIFS-heat alloys irradiated below 300 C. Significant irradiation hardening were also seen in both specimens irradiated at 200 C. As shown in Figs. 6 and 7, a lot of small defect clusters were formed in the matrix of NIFS-Heat alloys irradiated at 200 C. Therefore, the main contribution for irradiation hardening is considered to be a dense distribution of tiny defects as a barrier of dislocation motion. But the changes of hardness due to the effect of interstitial impurities were apparently observed in both as-received and Zr-treated specimens irradiated at 400 C, even though the microstructures of both specimens were almost the same. The impurity effects on the irradiation hardening and the formation of dislocation channels in the deformed NIFS-Heat alloys after irradiation at 400 C as shown in Fig. 12 . The total length of dislocation channels around micro-Vickers indentation depends on the impurity levels and the reduction of the dislocation channel density in the high purified specimen can be seen compared to the asreceived specimens as shown in Fig. 10 . The inhomogeneous plastic deformation due to dislocation channels is strongly related to the significant irradiation hardening. 21, 22) One of the reasons why deformation in irradiated material is inhomogeneous is the local slip deformation due to dislocation channeling formation in which dislocation movement sweep out the defect clusters produced by neutron irradiation. 23, 24) The ductility loss in neutron-irradiated metals strongly concerned with the non-uniform deformation mode induced by radiation damage. [25] [26] [27] The increase in the total length of channels in as-received specimens compared to Zrtreated specimens is worth notice. It is suggested that the interstitial impurity affects the occurrence of dislocation channeling in vanadium alloys at low temperature regime. The interstitial impurities are homogeneously distributed in the matrix before irradiation. After irradiation, impurities were concentrated around or in tiny defect clusters. When a tiny defect cluster is a dislocation loop structure, interstitial impurities may be concentrated in the tension area of dislocation core, which may suppress the dislocation motion. Therefore the barrier factor of defect clusters against dislocation motion is considered to be strengthened by impurity trapping in the dislocation core forming Cottrell atmosphere. For 200 C and 300 C irradiation conditions, dense distribution of defect clusters mainly contributes to the high barrier factor for dislocation formation. The barrier effect of defect clusters for mobile dislocation at 400 C is enforced by impurity aggregation by impurity diffusion. Unirr. Fig. 11 Typical curves of the load to displacement as a function of displacement for ion-irradiated and unirradiated NIFS-Heat2 alloys in ultra-microhardness tests.
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It is difficult to account for changes of total length of dislocation channels with the effect of interstitial impurities. It is considered that there are two factors for determining the total length of dislocation channels, therefore, a mobility of mobile dislocation in the channel area where the dislocations have defect clusters swept out during deformation and a dislocation activity on the interface between channels and matrix of irradiated specimens. As the impurity level increases, the work hardening rate may increase and consequently activates the dislocation channel formation. A frequency of dislocation channel formation is directly affected by the barrier factor against dislocation motion, but a development of dislocation channels is not controlled by the barrier factor strongly. Therefore the barrier effect of interstitial impurities in defect clusters may not be the principle factor of the dislocation channel behavior. However the impurity effects could be seen apparently in the formation and growth process of dislocation channels in the V-4Cr-4Ti alloys irradiated below 300 C. In order to confirm the impurity effects, it is necessary to determine where interstitial impurities distribute in the irradiated V-4Cr-4Ti alloys. Further work of microstructural analysis will be anticipated by using three-dimensional atom probe/field ion microscopy (3D-APFIM) to obtain the spatial distribution of interstitial impurity around the defect clusters.
Conclusion
Microstructural examination and microhardness test were carried out for unalloyed vanadium, V-5Ti, V-4Cr-4Ti alloys irradiated with 4 MeV Cu ions at temperatures from 200 to 600 C. A Zr treated technique was used for purification of vanadium alloys in order to investigate effects of interstitial impurities on changes of microstructural evolution and mechanical properties of vanadium alloys under ion irradiation at low temperature regime.
. The interstitial impurities played a role as a nucleation site of void and influenced their growth process in unalloyed vanadium under ion irradiation at 400 and 600 C. . The residual interstitial impurities in matrix enhanced the precipitation of Ti(OCN) in V-5Ti under ion irradiation above 400 C in V-5Ti specimens with conventional heat treatment. It was observed the ultramicrohardness changes between conventional and Zrtreated V-4Cr-4Ti alloys irradiated at 400 C. . Below 300 C irradiation, there was no typical difference in the microstructural evolution of V-4Cr-4Ti alloys of NIFS-Heat alloys between as-received and Zrtreated specimens. However, the difference in the growth process of dislocation channels could be seen among them at 300 C. More dislocation channels were formed in the as-received specimens than in the Zrtreated specimens during hardness deformation tests after ion irradiations. There was practically no correlation between irradiation hardening and total length of dislocation channels. The impurity effects could be seen apparently in the formation and growth process of dislocation channels in the V-4Cr-4Ti alloys irradiated below 300 C.
